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(54) Method and apparatus for controlling the movement of a liquid on a nanostructured or 
microstructured surface 



(57) A method and apparatus is disclosed wherein 
the movement of a droplet disposed on a nanostruc- 
tured or microstructured surface is determined by at 
least one characteristic of the nanostructure feature pat- 
tern or at least one characteristic of the droplet. In one 
embodiment, the movement of the droplet is laterally de- 
termined by at least one characteristic of the nanostruc- 



ture feature pattern such that the droplet moves in a de- 
sired direction along a nanostructured feature pattern. 
In another embodiment, the movement of the droplet is 
determined by either at least one characteristic of the 
nanostructure feature pattern or at least one character- 
istic of the droplet in a way such that the droplet pene- 
trates the feature pattern at a desired area and becomes 
substantially immobile. 
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ronon The oresent invention relates generally to the motion of liquids disposed on a surface with extremely small, 
EEl^^TS™. and. more P articu,ar,y, to control.ing the movement of a hqu.d on a surface with pre- 
determined nanostructure or microstructure features 

Background of the Invention 

rno021 Manv beneficial devices or structures in myriad applications are characterized at least in part by having a 
EhansTn confa with at least one solid surface. For example, liquid droplets disposed on surfaces or wrthm 
Tt^ l h ha of many microfluidic devices, biological/chemical sensors, chemical reactors, optical com- 

^ZJ^ZTtievtonlri patterning applications. Many of these devices and applications are character- . 
P °? L, ,fl^d moves o^s cause to be moved while in contact with a surface. Since the characteristics of both the 
v Tn fZ .u^eSl^lS^n between the liquid and surface, it is often desirable to understand and 
SolC; :52SSST1^ contro, o, the interaction of the liquid with those surfaces. This is especially so 
whPn the aDDlication in question involves relatively small quantities of liquid. 

II F G 7s w ole illustrative prior art embodiment of small liquid droplet 102 disposed on a surface n a way 
[0003] FIG. 1 shows one iiius ra p micro | e ns is the subject of copending U.S. Patent Applications 

r ' IT 1 oSeStted J elV 2001 entttS Liq^ Microlens" and Serial No. 09/951 ,637, filed Sep- 
temtr 13 ZTe^eX'ZeuZ Mterolens With Lubrication Assisted Electrowetting." Both of these copending 
T, , I nation, ! e herebv incorporated by reference herein in their entirety. The microlens embodiment of FIG. 
Patent A PP llcatlons a e 1 erac Ton between any droplet of liquid and the surface on which it is disposed, whether 
1 '^I^^^^^^JL oranother application. In FIG. 1, droplet 102 is a droplet of a 
or not the droplet an « m necessarily) with a diameter from several micrometers to several 

,r SP Z The droDlet a transparent substrate 1 03 which is typically hydrophobic or includes a hydro- 

between the droplet and the substrate is determined by interf acial surface tensions 
EST now as i ^erfaS energy) Y generally measured in mi.li-Newtons per meter (mN/m). As used herein, y s . v .s 
l=a^^ 

re*^^ 

equation (1): 

35 . Equation (1) cos G = (t s . v - Ys-J'Yl-V 

[0004] Equation (1) applies to any instance where a droplet of liquid is disposed on a surface, whether or not the 

droplet is used as a microle " s , d . Qlher instances wher e a liquid is disposed on a surface, it is 

40 [0005] in the microlens embod'me" of RG. 1 an hn other ns a m ^ ^ ^ ^ ^ 

microlens of FIG. 1 , whereb the pne con ducting liquid and a dielectnc insulating layer 203 having a 

S2? SJTdSK ottant e r A P n electrode, such as metal electrode 204, is positioned below the dielectric 
a er 203 and is « from the droplet 202 by that layer. The droplet 202 may be, for example^ a water droplet, 

e^ode Y 2 04 .Hf d^S^LL. the dropletto spread. The dashed line 205 illustrates that the drop.e, 202 
In^eZa^ZsZ layer 203 from its central position relative to the electrode 204. Specifically, the contact 
spreads equally across the ^ e electrodc 204 and the drople , 2 02. By using 

n^^ 

0 Mh ^ droolet can be achieved such that the droplet moves from its centered position to another desired pos.t.on. Such 
.l^Jl^SSd in the aforementioned copending "605 and "637 paten, applications. The voltage V necessary. 

~ spreading whether to change the shape of the droplet or its position, may range from several volts to 
I^^SS- amount of spreading, i.e., as determined by the difference between and fi 2 , . a funcfon 
of the applied voltage V. The contact angle 6 2 can be determined from equation (4): 
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Equation (4) cos (I (V) cos 0 (V 0) i V 2 (r 0 f. r y(2dy L . v ) 

. «»« i S .he conlaci angle between the insulating layer 203 and the droplet 202 when no voltage is applied 

whore cos 0 (V 0) « iho conlac ang int erlacial tension described above; t, is the dielectric 

between the droplet 202 ™ ^ ^ J ! the permittiv i ty o. a vacuum. 

constant o. the insulating .aye, 203 an is 8 .85 0 " J ^ [hc sur(HC0 upon which thc droplol 
[0007] In implementations such as the qu >d m crote"s ^cnbod signifiC an,ly a. the area 

,s disposed is hydrophobic, 5 N , arge contact area between the surface and 

whore it comes into contact ^^^^S^^ the surface and the droplet. This is desirable in 
tho droplet, a significant amount of flow re « stance is prcsen , Dol ^ ^ , ( ^ 

lhc above -cro.ensbe = ^^.^^^ or sha'pe in tho absence o, other means 
^^?^rKir.?X instances, i, ,s often desirab.e to reduce tho f,w resistance experienced 

consumption of the devices. One such application s d scrW n Nanos 

of Flow Resistance in generally describes how, 

can be greatly reduced. Da „erning the surface in contact with the liquid, and using the 

[0009] The Kim reference tea hes tha, by ^ ne.y p at. er g rcduce ^ ^ ^ ^ ^ 

tZtd «n S T. - "a ta f ow^staL to the fiquid on the surface is corresponding, reduced. 
moioT F Gs 3 I 3F s ow I different, extremely fine-featured microstroke and nanostructure surface patterns 

the contact a rea ot the crop ^ ^ ^ (q ^ m(cro|ine surffice of FIG. 3A 

micropost pattern. ^ ptQ 3B respectively The contact angle 303 of the drop.e. 305 on the microline pattern 
and the micropost surface * !'t anale 304 of the droplet 306 with the rmcropost pattern (-160 degrees). As 

mT^^T^CSLm than that of the microline and micropost pattern. Specifically, FIG. 3C 
[0011] FIG. 3C shows an even line p diame ter of less than 1 micrometer. While FIG 3C shows 

shows a nanopost pattern with eac nanopos v g am te ^ ^ ^ 

4A-4E show different illustrative a y deqrees of regularity. Moreover, these figures show 

such vaneus diameter nanoposts can be fashioned ^ 

that i, is possible to P^™^ ^ ^ ,0r ^ 

°' Pr °: r 3 200 to «f « ?! he e b y incorporated by reference herein in its entirety. Nanoposts have 

?n n n?,i Va rrio?o°FlG 0, 3Ta n d 9 roplet 307 disposed on the nanopost surface of FIG. SC. is nearly spherical with a 

almost impossible to keep the water p j appropriate liquid (depending upon the 

for this low flow resistance « ^ suspended on the tops of the nanoposts with no contact between 

55 he droplet and the under y g ^ 5o2) ^ ^ ^ f|QW res)Stance 

^ * k - ^ attempts to reduce ,iow resi f nce r quids , ? 

Se uie J %£££Z ha e bin limited to disposing the droplets in a narrow channel, tube or other enclosure to 
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control the freedom movement of the droplet to within a prescribed area. 
Summary of the Invention 

mm 41 While prior attempts to advantageously dispose a liquid droplet on a nanostructure or microstore feature 
nanern have bee^ I mSd To disposing that droplet in a confining channel, we have realized that ,t would be extremely 
^JS^uSSIiSS to variably control the movement of a droplet disposed on a nanostructure I or m-crostruc ured 
I ^ Eu havina to Place the liquid droplet in a channel. We have also realized that it would be espec.ally ad- 
vamaaeots be *. 8 £<X?. properties of the interface of a liquid droplet with a nanostructured or microstruc- 
vantageous to be aoie » comro v v d (h „ jd as a result o( , he contact area between a 

tured surface, such as the ^JJJ^J ^d 1 ally w2 have realized that in many applications it would be highly 

roo'Sr We have invented a method and apparatus wherein the movement of a liquid droplet disposed on a nanos- 
[0015] We have wen eo deter ^ ined by a t least one intra-pattern characteristic, def.ned here.n below, of 

tructured or merest ^^^ f ^™^* a that surface or at least one characteristic of the droplet. In one 
Z::^TZ^ZZZ^ e droplt "s determined by a, least one character of the nanostructure or 
Trol Sre fJafure pattern such that the droplet moves in a desired direction along the feature pattern. To ach.eve 
mis £^ ESES the size, shape, density, or electrical properties of the nanostructure or m.crostructure are 
S^StlSSScoic. angle of the leading edge of a droplet is made to be lower than the contact angle o, the 

SH T^SSSS: — -UneX ,, is determined by e.her at least one intra-pattern char- 
Stic lS2Sp««« or at least one characteristic of the droplet such that the droplet penetrates the feature 
oattem at a des ired area and becomes immobile. This charactenstic can be, for example, the surface tension of he 
JopTt, the immature o, either the droplet or the pattern or the voltage differentia, between the droplet and the 

mnivT ^1 both of these embodiments of the present invention are useful in a variety of applications, such as, 
ZLTaZ^^ZZ***™ sector a cnemica, reactor, a patterning application, a tunable diffract.on 

i!SS^^'^ n a micro,,uidic mixer ' a microfluidic pump and 3 heat p n vlce ' 

Brief Description of the Drawing 
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[0018] 

FIG 1 shows a prior art microlens device that illustrates the interaction of a liquid disposed on a substrate; 
FIG! 2 shows how prior art electrowetting principles used with the microlens of FIG. 1 can be used to move the 
droplet in a predetermined direction across a substrate; 
FIG. 3A shows a prior art microline surface; 
FIG 3B shows a prior art micropost surface; 

that are suitable for use in the present invention; 

PIG 5 shot an illustrative prior art device wherein a liquid drople, is disposed on a nanostructured feature pattern 
FIG' 6 shows a more detailed view of the prior art nanostructure feature pattern of FIG. 4C; 
FIGs 7A 7B, 7C and 7D show droplets of different liquid having different surface tens.ons disposed on the na- 
nostructure feature pattern of FIG. 6; 

FIG 8A shows a cross section of the droplet and nanostructure feature pattern o F G. 7A, 
pip or .hows a cross section of the droplet and nanostructure feature pattern of FIG. 7C, 
FGS9A and B S C h °ow a device in accordance with the principles o, the present invention whereby the e.ectrowet- 
tina principles of FIG. 2 are used to cause a liquid droplet to penetrate a nanostructure feature pattern; 
TO io slows he detail of an illustrative nanopos. of the nanostructure feature pattern of FIGs. 9A and 9B; 
FIG ? shows how, by placing a drop.et on a nanostructure feature pattern with having a vaned dens.ty of nano- 
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elements or compounds; arrnrrian _ G with the principles of the present invention; 

Detailed Description 

l0019] HG.eshowsani.lus,—^ 

on .ho surface. Throughout .ho doscnplion herein, ono sk le Jin the a i g c 

,o mo uso o, nanoposts or nanos.ruc.uros can bo equally J^JJ^o^ silic0 ?, Th0 nanoposls 602 o. 
patter, The surface 601 and app 6 arn high and are spaced approximately 4 

™ a 6 pa7 r^OTC^r^ ^ art that sue, arrays .ay ho produced with regular 

£5? RSrTTrB "c^D U I: P hTdmerent liquids behave when disposed on the il.ustrative surface 601 of 
3° FIG 7A shows' that when a water droplet 701 with a surface tension (y) ^^^^^ 

c^^ 

greater area, with the droplet having the .owes., surf ace tension (droplet M^9 9 
jU] As used herein, unless ^^^ U ™XZ^™«^ « °ne 

dimension o, loss than «^ r ^2^ l0 0 P itner a pattern of restructures or a pattern of 
o, loss than "• ^^SS' and "liquid droplet" are used herein interchangeably. Each of 
nanostructures. Further, the terms uqu.u H ■ Hrnnlpl fnrm or not Additionally, medium, as used herein, 

those terms refers to a liquid or a portion of liquid, wnetner ma p HicrneepH he >rein below. Finally, intra- 

such as shape, size, height and electrical ^ f *f n ^ interacti0 ns between the nanostructured surface 601 

mussed »as r^^^^^^^CS 703 « o»cl.p«.„o, of FIG. 7C. Cppar.d » 
™„ »» »ow M» "f, a 8B B 7™~ 703 „, c ; a „ pc „„„ol is not uspencM on M lops .1 g» nanoposts 

surface 601 , experiences a relatively high ' "^^ esirab|e t0 be able t0 control the penetration of a given liquid 
[0023] The present inventors have recognized that it* des rable to be ^ 

int0 a given nanostructured or embodiment in accordance with the 

<° - used in the ii,usirative micro,ens of F,G - 2 ' is 

used to contro. the ^ration 

[0024] Referring to FIG 9A, " ^^^^ of P the drop let 901 results in the droplet being sus- 

nanoposts 902, as desenbed ^°ve, such that the surtax ^ ens ' on ° J Qn , covers surface area f , of each 
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electrically connected to substrate 903 via lead 904 having voltage source 905. An illustrative nanopost ,s shown in 
g ea*r detaTn HQ. 10. In thatfigure, nanopost 902 is electrically insulated from the liquid (901 m FIG. 9A) by materia. 
?001 iuch as an insulating layer of dielectric material. The nanopost is further separated from the liquid by a low 
Sice energy w^Tok such as a well-known fluoro-polymer. Such a low surface energy materia, allows one to 
o taTarip ophate initial contact angle between the liquid and the surface of the nanopost It will be oby,ous to ^one 
Sd fn the art that, instead of using two separate layers of different material, a single .ayerof material that possesses 
sufficiently low surface energy and sufficiently high insulating properties could be used. 

FIG. 9B shows thai, by applying a low voltage (e.g., 10-20 volts) to the conducting droplet o liquid 901 a 
voltaqe dtference results between the liquid 901 and the nanoposts 902. The contact angle between the liquid and 
ht surface of he nanopost decreases and, at a sufficiently low contact ang.e, the droplet 901 moves down ,n the y- 
d ec on a^ng the surface of the nanoposts 902 and penetrates the nanostructure feature pattern until .t complete 
s — each of the nanoposts 902 and comes into contact with the upper surface of substrate 903. In this conf.g- 
u Z the droplet covers surface area f 2 of each nanopost. Sincef 2 » f„ the overall contact area between the drop. 
9 1 and the nanoposts 902 is relatively high and, accordingly, the flow resistance experienced by the droplet 901 is 

0 eater than m the embodiment of FIG. 9A. Thus, as shown in FIG. 9B, the droplet 901 effectively becomes stationary 
Sve to the nanostructure feature pattern in the absence of another force sufficient to dislodge the droplet 901 from 

I0026I HG a ?fshows an illustrative device in accordance with the principles of the present invention whereby, instead 

01 moving the droplet in the y-direclion to penetrate the nanostructure feature pattern, the nanostructures (nanoposts 
1 mis illustrative embodiment, are arranged such that the droplet 11 01 moves laterally ,n the x-direCon 04. 

Specially the nanoposts 1102 are arranged so that the density of nanoposts 1102 increases ,n the x-d.rection 1104 
Th s Sasld densi^ will lead to a lower contact ang.e at the leading edge 1105 of the droplet relative to the contact 
JL n. the trailing edge 1106 of the droplet. The lower contact angle at edge 1105 leads to a lower force in the x- 
' S,ol applied "o the droplet 1101 than does the relatively higher contact angle at edge 1106. Thus, the droplet 1101 
w,ll "dnf." in Ihex-direction 1104 toward the area of higher density of nanoposts 1102 as the liquid droplet 1101 attempts 
To acn,cve equilibrium. Thus, by placing the highest density of nanoposts at that location at which ,t ,s des.red to have 
me liquid disposed on the surface, a liquid droplet can be initially disposed at another location on the surface and ,t 
will autonomously move toward that area of highest density. 

Sin While the movement achieved by the illustrative embodiment of FIG. 1 1 allows for a droplet to move to a f.na 
- eouiltorium location at the area of highest nanostructure density, it may also be desirable to reverse this movemen 
away from the area of highest density. FIG. 1 2 shows one embodiment in accordance with the pnncples of the present 
fn ent ion^hat enables such a reversible movement. Specifically. FIG. 12 shows a droplet 1 201 disposed on a surface 
ZZa nanostructures 1202 arranged in sawtooth configuration. At equilibrium, the droplet wHI remain stationary ,n 
posH io n B just as it would with a nanopost feature pattern such as that exemplif ied by FIG. 8A. However, when a t,me- 
Lodic excitation is applied to the droplet 1 201 , it will begin to drift in direction 1204. Such a periodic excitation may 
S qenera ed illustratively, by an alternating voltage applied to specific nanostructures 1202 or, alternate y, by ultra- 

hat ma y different voltages, frequencies and amplitudes of sound waves may be used to generate the force necessary 
to TsZZ SZm of the droplet 1201. Additionally, it will also be obvious to one skilled in the art that this 
ao pyritatinn mav be aenerated by many different methods. 

mo28 The movement of droplet 1201 begins because, when disturbed, the droplet will periodically change the size 
of its contact spot and, thus, the edges 1205 and 1206 of the droplet 1201 will move back and forth , over the nanos- 
tructures 1207 in the feature pattern. However, due to the asymmetnc shape of the nanostructures 1207, the contac 
anale hysteresis at edge 1206 of the droplet relative to the surface will be lower than the contact angle hysteresis at 
« ; £ in moving back and forth over the surface, it is much more difficult for the droplet 12 1 to 

ravel up the vertical face 1211 of, for example, feature 1208 than It is for the droplet 1201 to travel up >t*» 121 lot 
leature 1208 Accordingly, once the droplet has crossed over a particular nanostructure in direct.on 1204 t will lend 
not to move back in the opposite direction and will establish a new equilibrium position, such as pos.tion D. If the time- 
oeriodic excitation (such as ultrasound) continues, the droplet will continue to travel back and forth across the surface 
I i crossef over the next nanostructure1213 in direction 1204. Once again, the droplet will tend not to move ack 
after crossing nanostructure 1213 and will attain yet another new equilibrium position in direct.on 1204. As a result, by 
continuing the periodic excitation, the droplet will stochastically move in direction 1204. 

F00291 By combining the embodiment of FIG. 12 with areas of higher density of nanostructures, such as shown m 
he embodiment of FIG. 11 , reversible lateral movement of the droplet 1201 may be achieved. For example, referring 
once again to FIG. 12, if an area of higher density of nanostructures 1202 is located at location A on the surface the 
droplet 1201 will, as described above, tend to move toward location A absent any counteracting force. However, ,f the 
illustrative sawtooth pattern of FIG. 12 is used coupled with, illustratively, a disturbing force generated ^ ultrasound 
todisturb the equilibrium of the droplet 1201 , the force tending tomove the droplet toward location A (the higher density 
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™« *nrt ihn droolel 1 ?01 will move in direction 1 ?04 towRrd location C on the surface 
o( n^rucuros) wi, . bo *^ , e o oM ? ^ ^ dfop|el 1201 will once again tond l0 move loward 
I, lho force « removed (i c the i » ^ Thus reversjble |ateral moli0 n is achieved. 

„ mp ,„. FIG.. .3. ™. .3B S »ow » embody „ ^ sMa , ,„ M s „ 0 „ „ 

FIG. 9A. Dolcctors 1306, which arc ao.c iu ^ n02 are choS on such thai, when the desired conv 

surface 1304. The liquid lor droplet 1301 and the nanostr^tu.es 13C« < re chose 

pound 1303 enters .he liquid in a dcs.red amount, the ; su ace ■ * o h kq» d-op ^ ^ 

^ .iquid 1 301 penetrates the nanos,ruc ure ^^^S^l^ can be generate by wc, k nown 
pound 1303 comes »»' changing o« the color o. the detector, 

methods, such as via the geno.rft.ng o an oiocwcai sg de(ccio (ho embodjmonl 0( 

[0 031 ] It will be apparent to one sk.l.cc hn he an -^^^J^ roaction . For cxamplc , on ce again 

t .™ r spoSc* sstss- .sss^ « - ** — y c ° n ;r s rr 

H desi.ed reaction when in ^^^^Z^^ —ure leature pattern as shown 
between the nanos.ruc.uros such thai, when , the ''^ J r P p and the desired reaction occurs. As previously 

such as, .or example, increasing the temperature of the of RQs 13A and 13B , whether used 
[0032] FIG. 14 shows a possible arrangemen oh ^^^^2^^,^. a liquid can be made to flow 
as a chemical/bio.og,cal detector or use hn cham ca eac ,on appl J of nanostmctl)res patt erned 

in section 1401 acrossthe^ ^ gs ^ m FIGs. 13A and 138) 

on its surface. Each of areas 140 J may 101 h ■ detectina or reacting with a different chemical/ 

diIP0 , ed « *. — = » - ^, u« «. ^ o dweoi muBpto aI)sren , 

.. M — »« — - - » — -» -» ■ — 

compound to achieve the desired reactions. . .. n te innc.rativelv shown in FIG. 15. Specifically, FIG. 15 

[0033] Another use for the principles of the ^ Xed by utilizing the pr.ncip.es of the 

shows how se.ective patterning of a 1502. 1503, 1504 and 1505) is 

present invention. In this figure, a desired pattern (in th.s «jeJJ*JJ ? sucn a ternjng 

defined on a substrate 1 506 which ,s characterized by an ° s, ^ c ure ,eatU ^ remajn jn tnos 9 e palterns . 0n e method 
application to cause the liquid to ^ ^ ^ a ^ i - a^Iwetting, described above, between a 
of accomplishing this go ah. to sehe wd« v 9 ^ ^ ^ ^ 15Q3 1505 . 

liquid flowmg .n d.rect.on 1501 across thesu, ^ nanostmctures within those two 

!£S — Oue^o this Suiting .mmobility, when the l.gu.d f.ow is removed, ,iq,d 

remains only wit Wn patterns 1 503 and 1 ,505 star . snap ed patterns in a patterning application is to 

[0034] An alternate method of caus ng a .qu a ^ ^ g reiatjveiy dense such 

use a varying density pattern, sucn as u «* »'«"»-""■• ' =1 _ lrnwattinn nou , d a , so be used in a patterning (as 

voltage, total wetting may be obtained ^ on g substrate such as substrate 

[0035] Thus, it .s poss.ble to pattern a liquid w tn.r ' «P e f for example, an acrylic-based monomeric 
1506.Byse.ectin g aw« 

liquid including, but not hrrmed to ; th i NA-2 op »™ cgn ac J eved M conforms t0 patterns 15 03 and 
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feature pattern, and then fix the droplet in a polymerized state in that location. 
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rooSGT FIGs 16A and 16B show another useful application of the principles of the present .mention. Specially, ,n 
RG16A an optical diffractive grating is shown wherein a droplet 1601 of liquid which is transparent to at least some 
of oh is disposed on nanostructures 1 602. Nanostructures 1 602 are, in turn, disposed on surface 1 603 
W H VS if fo example a siticon substrate, as previousty described. When light beam 1604 is incident upon droplet 
s IS? SZXSZZZXw P-s through P dro P .et 1 601 and are reflected off of surface 1603 in such a way that 
the ah ravel Tong Path 1 606 back through the droplet of liquid. By passing through the hqu.d droplet 1 601 , then 
hrouah area 605 (haSng dielectric constant e,), and reflecting off of the underlying substrate 1 603 venous requen- 
^Hiorei^iSS (due to the diflerence in refractive index between the liquid and area 1605) and only wave- 
Sncth X eZZ to propagate in the predetermined direction FIG. 16B demonstrates that, by causing the qu.d 
10 S^l Z^Z^e nanostructures 1602 (through the use of one of the methods described above) he 
w droplet 1601 to Pon«r- rhanaes t0 . thus chanqinq the refractive index of the medium through which the 

SfSeS".— on°. 2 to propagate ?n the predetermined direction. Thus, one skilled in the 

T^^^a^SL^ grating is created that, when the liquid 1601 penetrates the nanostructure 
feature allows a different wavelength of iight to pass through the grating, compared to when the hqu.d 1 601 .s • 

15 ZzTf^s 17A an^Tow' To'ther i..ustrat.ve optica, use of the princip.es of the present invention, specificahy 
as a total i merna ] n lection (TIR) mirror. ...ustratlve.y, referring to FIG. 17A, substrate 1701 (for example a ig.ass , sub 
strate) wST ransparen to at .east one wavelength of light, supports a feature pattern of nanostructures 1702. 
n 1703 Is susoended on the nanostructures 1702 as described herein above. The substrate 1701 .s posit.oned 
s ^ ma wh n gh btm deling in direction 1 704 passes through the substrate at a particular angle of incidence 
«S L a well known angle depending on the wavelength of light) the light beam is reflected when it encounters the 
(that .s a well known angie c > P y ref | e ction is achieved because the gas (e.g., air) has a 

SSolluTa T^toJ^ index 6 oMhe gas 1 706 to be lower than that of the substrate 1 701 . 
mo 38 FIG 7B s ows a dropiet 1 703 that has penetrated the nanostructure feature pattern 1 70 (once aga.n, via 
he methods described above) The penetrated area of the nanostructure feature pattern has a die^otnc constant e 2 
Sat « .t n ^ eSive inde higher than that of the substrate 1 701 As a resu.t, the light passes through the droplet 
" I Sed. One skiL in the art will recognize the specific angles of incidence of a light beam of specific 
Ze^sZXeri combined with an appropriate substrate material, gas and droplet liquid, w.l, achieve the tunable 
rofi^rW nrooerties described herein and shown in FIGs. 17A and 17B. 
so [0039] FIGs 1 8A 1 8B and 1 8C show another embodiment in accordance with the princip.es of the present invention 
wherebv a nanos.nicture feature pattern is disposed on the interior wall of a channel, such as a microfluidic tube 1 802. 
FIG Tl 8A shows hat i no nanostructures are used on the interior surface of the tube, as in prior m.croflu.d.c tubes, 
the ftow r^iTn e caused by the friction between the interior wall and the liquid leads to a reduced veloc.ty of the 
iou d ZZ tc h InteMor wa as it travels through the channel. The velocity of the liquid at different distances from 
he inte o wa o f "he channel is represented by the veiocity vector profile 1 801 . This vector profile 1 80 shows tha 
iou d in the center of the channel travels fastest (longer velocity vector), and Hqu.d immed.ately adjacent to the wall 
rlvels s ZexSZ* velocity vector). As a result of this flow resistance at the inner wall larger pumps tha consume 
Nah amount of power are required to pump the liquid through the microfluidic channel 1 802. FIG . 1 BB shows 
^^S^^ZZore feature pattern 1803 on the interna, wa.. of the microfluidic channel 1802, the flow 
esTstanctexerted o t e liquid is advantageously reduced. This is represented by the velocity vector prof, e 804 o 
theTou d whS shows how the velocity of the liquid adjacent to the walls of the channel 1802 is approximately equal 
to t velocfty o« theTquid in the center of the channel Due to the lowering of the flow resistance resulting from the 
usl of nanolcture feature pattern 1 803, the pumps required to pump the .iquid through the channel are smeller and 

For example it is useful to mix DNA and a reagent trave.ing in separate channe.s for use ,n integrated m.crof.uid.c 
hi^hSfanalvste systems In such systems, this mixing precedes the electrophoresis process through which ge- 
ne" 

TrS e y 10^9 distance to fu.ly accomplish this mixing. FIG. 1 8C shows a mixer in accordance w„h the pr.ncip.es of 
the I present inven on. This mixer is useful if, for example, it is desired to combine the flows of two different hqu.ds 
nLZTmL rattelv in directions 1 809 and 1810. As discussed above, by disposing a nanostructure feature pattern 
803 o'n channe,, a relative* low flow resistance is achieved through the channel. As discussed 

loll the «ow distance at certain areas, such as areas 1 806, along the wall can be increased by selectively causing 
n^u^n^^nano.lnKm.m feature pattern by, for examp.e, increasing the temperature of discrete areas 
806 oUhe nan Structured feature pattern or, alternatively, creating a voltage differential between the liquid and areas 
8u6 o the eature pattern. Thus, the flow 1805 through the mixer of FIG. 18C is characterized by areas of low flow 
esis, ce wTh are s of high flow resistance to the .iquid adjacent to areas 1806 of the microfluidic channe. 1802. 
The Sore stt ng y disturbed f.ow, such as that represented by f.ows 1 808, are created. This disturbed f.ow great.y 
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r0 04H FIG. 19 shows T^^JZL*** usad in a heat dissipation device Heat 

deposed on the internal walls of a channel sue as .ha. «dva B » ^ by elecUonlc dcvicos . 

di SSI pation is a primary concern ,n many W^^ " ^ ^ b cxcess heat . Devlce 190 1 « an 
The performance and overall tile ol an f^^^^^Hhw processor in a compu.er. Channel 1 902 
exemplary hea.-gencrating device, such as a ^W*^™^ nea( P |s qe nera.od by device 1 901 . the hquid 
« placed adjacent to or, pre.erably, .n contact w.th ^v.ce1901- When no J fe ^ ^ 

/channel 1902 experiences ^^-J^p^^S-l.^ o( the liquid drops and .he Hqu.d wets the 
when a predefined amount of hea, ,s ™ her mGlhods o( wotlin g the nanos.ructurod surface may 

surface of wall 1 904 One skilled ,n the art wffl illustrated ,n FIGs. 9A and 9B. 

also be utilised, such as the 7 ea h heat is transferred through the channc. wall 

[0042] When device 1901 generates a su f.cien amou t o. no ^ ^ ^ mQ |iquif) 

i ,04 I ho surface lens.on of the hqu,d trave.mg «h. nj» c anncl , direct^ J» ^ ^ ^ 

pcne.ra.es the nanostructure feature ^^^^^2 wall 1904 and more efficiently transfers 
,ca.ure pattern As such, the Uqu.d m area 1 905 comes , , d,re co t _ ^ ^ ^ ^ dislurbed 

ol diss.paling significantly more heat. jr , ve ntion It will thus be appreciated thai those skilled in 

[0 043] The foregoing merely illustrates the P^^JS " ^ dcscribcd or sh0 wn heroin, embody 
L an w,l. be able to devise various arrangements w Nch a though not oxphc y ^ ^ ^ ^ ^ 

,ho prmcp.es of the invention and are Wl.h.n its ^"^^^U»m of the present invention may be 
desenphons of .he various embodiments here., w.M recog ze ft* the pr p . ( ^ ^ ^ 

u „„ /c d ,n w.dc.y d.spara.e fields and applications For exam e mov ng as q mjcrolenses . By using the prin- 

a Cos.red stationary tocation is useful ,n ^^TH^niS autonomously move .0 a desired location a. 
cp.es d.sclosed herein, a mi crolens can e °« lhe inVenti ° n ' " 

wh,ch pom. ,1 remains stahonary. In another potent.a e m boo ^ Qf Qne or 

m ,cros.ruc.ured surfaces of the present invention an u.ed n * can be d|sp|ayed , 

m0 re liquids in S ,de .he ^^^^J^^^L expressly to be on.y for pedagogical pur- 
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disposed on said surface. 

2 T h ea P pa.atusofc,aim1wh e ^^ 

of said nanostructures or microstructures relative to sa.d droplet. 

3 The apparatus of Cairn 1 wherein said at least one said intra-pattern characteristics is a distance between each 
oTaUeast a portion of said plurality of nanostructures or restructures. 

4 The apparatus o, claim 1 wherein said a, ,as, one of said intra-pattern characteristics is a shape of at least a 
' portion of said plurality of nanostructures or microstructures. 

5. An apparatus comprising: 
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a surface having a pattern of nanostructures or microstructures, the spatial density of at least a portion of said 
pattern of nanostructures or microstructures being varied; and 
a droplet of liquid disposed on said surface; 

wherein the spatial density of said pattern is adapted to produce controlled motion of said droplet in a pre- 
determined direction. 

6. An apparatus comprising: 

a surface having a pattern of nanostructures or microstructures, the spatial density of at least a portion of said 
pattern of nanostructures or microstructures being varied; and 
a droplet of liquid disposed on said surface; 

wherein the area of contact between said surface and said droplet is adapted to produce controlled motion 
15 of said droplet in a predetermined direction. 

7. An apparatus comprising; 

a surface having a pattern of nanostructures or microstructures; 
20 a droplet of liquid disposed on said surface; and 

means for causing said droplet to penetrate said surface. 

8. The apparatus of claim 7 wherein said means for causing comprises means for applying a vortage to said droplet. 

25 9. The apparatus of claim 7 wherein said means for causing comprises means for reducing a surface tension of said 
droplet. 

10. The apparatus of claim 9 wherein said means forreducing comprises means for introducing at least a chemical 
or biological element into at least a portion of said droplet. 

30 11 The apparatus of claim 7 wherein at least a portion of a beam of light incident upon said surface passes through 
' said surface, said portion depending upon whether said droplet is penetrated into said surface. 

12 The apparatus of claim 7 wherein at least a portion of a beam of light incident upon said surface is reflected off of 
35 ' said surface, said portion depending upon whether said droplet is penetrated into sa,d surface. 

13. The apparatus of claim 7 wherein a first wavelength of a beam of light is reflected off of said surface in a first 
predetermined direction. 

40 14 The apparatus of claim 13 wherein, upon said droplet of liquid penetrating said pattern, a second wavelength of 
light is reflected off of said surface in a second predetermined direction. 

1 5. The apparatus of claim 7 wherein said means for causing comprises means for increasing the temperature of said 
droplet of liquid. 

1 6. The apparatus of claim 7 wherein said means for causing comprises means for increasing the temperature of said 
surface. 

17 An apparatus comprising a surface, said surface adapted to produce controlled motion of a droplet of liquid in a 
Tr^Z^Lon s^ droplet disposed on said surface, said surface comprising a plurality of nanostruc- 
"ures or microstructures. wherein at least a first portion of said plurality has a different spatial density from at least 
a second portion of said plurality. 

18 An apparatus comprising a surface, said surface adapted to produce controlled motion of a droplet of liquid in a 
' predetermined direction, said droplet disposed on said surface, said surface comprising a plurality of nanostruc- 

^es or microstructures. wherein each of the nanostructures or microstructures in at least a f.rst port.on of said 
plurality has a predetermined asymmetric shape. 
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, ol „,,m 1R wherein each of the n— uros or n— .ares m - >-> « — 
19 Tho HpprttaUis ol claim in wm, 
" said plurality has h varied spatial dcns.ty. 

« — 

surlaco. 

~* * — 

„ , n , rl-um ?1 vhercn sa.d md,ca.,on composes an cloctneal signal 
t<i 23. I ho molhod ol claim £\ V ' I,UUI 

24. A mlcrofluidic mixor comprising: 

wh0 rein said third li.uid comprises ^J^TZZZt Shird channel; and 

ncutd^crate a surface of said third channel. 
25 . A tunable heat dissipation device comprising: 
30 a channel adapted to accommodate a liquid 
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FIG. 2 
(PRIOR ART) 
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FIG. 3 k 
(PRIOR ART) 



FIG. 3B 
(PRIOR ART) 
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FIG. 3Z 
(PRIOR ART) 
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FIG. 4 k 

(PRIOR ART) 



FIG. 4B 
(PRIOR ART) 



FIG. - 4C 
(PRIOR ART) 






FIG. 4 D 
(PRIOR ART) 



FIG. 41 
(PRIOR ART) 
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FIG. 5 
(PRIOR ART) 
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FIG. 8 k 




FIG. 8 B 
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FIG. 12 




FIG. 13 k 
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FIG. 16k 




FIG. /SB 
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1. claim: 1 2 

Apparatus comprising a surface having a plurality of 
nanostructures or microstructures having intra-pattern 
characteristics which are changed relative to a droplet of 
liquid disposed on said surface to produce controlled motion 
of the droplet, wherein the pattern characteristic changed 
is the relative voltage between the nanostructures or 
microstructures and the droplet of liquid 



2. claim: 3 

Apparatus as in the first invention wherein the 
characteristic changed is a distance between the 
nanostructures or the microstructures. 



3. claim: 4 

Apparatus as in the first invention, wherein the 
characteristic changed is a shape of the nanostructures or 
the microstructures. 



4. claims: 5, 6 

Apparatus comprising a surface having a pattern of 
nanostructures or microstructures wherein the spatial 
density of nanostructures or microstructures in the pattern 
is varied. 



5. claims: 7-25 

Apparatus comprising a surface having a pattern of 
nanostructures or microstructures and means for causing a 
droplet of liquid to penetrate said surface, as well as 
method for detecting presence of chemical or biological 
element, a microfluidic mixer and a tunable heat dissipation 
device using such apparatus. 
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